Maternal fever and/or chorioamnionitis at term are associated with an increased prevalence of adverse neurobehavioral outcomes in exposed offspring. Since the mechanisms of such injury are currently unknown, the objectives of this study were to elucidate whether intrauterine inflammation at term results in fetal brain injury. Specifically, we assessed brain injury by investigating the cytokine response, white matter damage, and neuronal injury and viability. A mouse model of intrauterine inflammation at term was utilized by injecting lipopolysaccharide (LPS), or normal saline into uterine horn. Compared to saline-exposed, LPS-exposed fetal brains had significantly increased IL-1b and IL-6 messenger RNA (mRNA) expression (P < .05 for both) and IL-6 protein levels by enzyme-linked immunosorbent assay (ELISA; P < 0.05). Fetal neurons were affected by the intrauterine and fetal brain inflammation, as demonstrated by significantly decreased microtubule-associated protein 2 (MAP2) mRNA expression and a decrease in immunocytochemical staining (a marker of neuronal cytoskeleton development; P < .05), altered neuronal morphology (P < 0.05), and delayed neurotoxicity (P < .05). These fetal neuronal changes occurred without overt changes in white matter damage markers. Marker of astrocyte development and astrogliosis (glial fibrillary acidic protein [GFAP]) did not show an increase; prooligodendrocyte marker (PLP1/DM20) was not significantly changed (P > .05). These studies may provide a critical mechanism for the observed long-term adverse neurobehavioral outcomes after exposure to chorioamnionitis at term.
Introduction
Chorioamnionitis, an inflammation of the fetal membranes, complicates up to 10% of all pregnancies and, specifically, up to 2% of labors at term. 1, 2 The presence of maternal fever and/ or chorioamnionitis at term has been shown to be associated with adverse neurodevelopmental outcomes. [3] [4] [5] Specifically, chorioamnionitis increases the risk for neonatal encephalopathy to up to 12.5% (independent of neonatal sepsis) 5 and the risk for cerebral palsy (CP) by 2-to 12-fold in term infants. 3, [6] [7] [8] [9] [10] [11] [12] Chorioamnionitis is thought to play a role in the development of fetal brain injury due to elevated circulating cytokines and coexistence of inflammatory and thrombotic lesions. 12, 13 To date, most of the basic science research regarding the effect of intrauterine inflammation has focused on investigating mechanisms of adverse neurological outcomes in the context of preterm birth. [14] [15] [16] [17] [18] [19] Specifically, in animal models, it has been demonstrated that exposure to intrauterine inflammation in the preterm period is associated with (1) an increase in proinflammatory cytokines in the fetal brain; (2) white matter damage (WMD), and (3) neuronal injury. [14] [15] [16] [17] [18] [19] However, in term gestations, the mechanisms of the associated neurobehavioral findings remain unknown. Despite the assumption that the term brain might be more resistant to injury, 20 epidemiologic studies indicate that chorioamnionitis at term has a higher rate of CP than in preterm infants. 9 Hence, our hypothesis is that chorioamnionitis at term adversely affects fetal brain development. Therefore, for these studies, we used a mouse model of intrauterine inflammation at term to determine whether an exposure to prenatal inflammation at the end of gestation induces fetal brain injury. Specifically, the objectives of this study were to investigate whether exposure to intrauterine inflammation at term caused an inflammatory response in the fetal brain, WMD, and/or neuronal injury.
Materials and Methods

Mouse Model of Intrauterine Inflammation at Term
CD-1 out-bred, timed pregnant mice (Charles River Laboratories, Wilmington, Massachusetts) were utilized. Guidelines for the care and use of animals were approved by the University of Pennsylvania. Mice were mated and day of plug was considered embryonic day 1 (E1). As delivery day in CD-1 mice routinely occurs on E19, survival surgery and intrauterine injections of LPS or normal saline (NS) were performed on day 18.5 of gestation as previously reported. 21 Briefly, a continuous isofluorane/oxygen anesthesia was supplied by a mask that fits over the mouse's face. After deep anesthesia was reached, a mini-laparotomy was performed in the lower abdomen. The right uterine horn was isolated and either lipopolysaccharide (LPS, 250 mg/ dam in 100 mL NS; from Escherichia coli, 055:B5, Sigma Chemical Co, St Louis, Missouri) or an equal volume of NS (control) was infused into the uterus between 1st and 2nd gestational sac closest to the cervix. Routine closure was performed and the dams were recovered in individual cages. Dams (both control and LPS exposed) were humanely euthanized 6 hours after surgery by utilizing carbon dioxide (CO 2 ) . At this time, 4 fetuses per dam were immediately removed from the lower uterine horns (the same proximity to LPS infusion site) for either primary cortical neuronal cultures or for the assessment of messenger ribonucleic acid (mRNA) expression as described below.
Quantitative Polymerase Chain Reaction for Expression of Cytokines and Markers of Fetal Brain Development in Whole Fetal Brains
Fetal brains were isolated as per our prior reports. 15, 16 Total RNA was extracted from whole fetal brains with Trizol (Invitrogen). Complimentary deoxyribonucleic acid (cDNA) was generated with high-capacity cDNA reverse transcription kit (Applied Biosystems, Foster City, California). Primer sets, conjugated to Taqman MGB probes, were used for quantitative polymerase chain reaction (QPCR; Applied Biosystems). The expression of the following gene targets was investigated: (1) proinflammatory cytokines (IL-1b, IL-6, TNF-a and IL-10); (2) markers of fetal brain development (microtubule-associated protein 2 [MAP2], a neuronal marker; glial fibrillary acidic protein (GFAP), an astrocyte marker and marker of astrogliosis; and proteolipid protein 1 (PLP1/DM20), a marker of pro-oligodendrocytes. Quantitative polymerase chain reactions were carried out with equivalent dilutions of each cDNA sample on the Applied Biosystems Model 7900 sequence detector PCR machine, as previously reported from our laboratory. 15, 17, 22, 23 The relative abundance of the target of interest was divided by the relative abundance of 18S in each sample to generate a normalized abundance for the target of interest. In all, 4 fetal brains were extracted per dam and constituted 1 sample.
A total of 6 dams (n ¼ 6) were utilized for the LPS group and 9 dams (n ¼ 9) were utilized for the control group. All samples were analyzed in duplicate. The duplicate results for each dam were averaged prior to the statistical analysis.
Enzyme-Linked Immunosorbent Assay for Cytokine Expression
Commercially available enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, Minnesota) were used to investigate the expression of IL-1b and IL-6. The total amount of protein in fetal brain specimens was measured by colorimetric bicinchoninic acid (BCA) Protein Assay Reagent kit (Fisher Scientific, Pittsburgh, Pennsylvania) per the manufacturer's instructions. Six dams were utilized per treatment group. In all, 3 fetal brains from right lower uterine horn represented each dam (one n). All tests were performed in duplicate.
Primary Cortical Neuronal Cultures
Using sterile technique, E18.5 fetal brains were harvested and placed into Petri dishes containing cold Ca þþ /Mg þþ -free Hank's Balanced Salt Solution (HBSS; Invitrogen, Carlsbad, California), pH 7.4. The fetal cortex was separated from meninges, olfactory bulbs, brain stem, and cerebellum. Each cortex was minced, placed in 4-mL neurobasal medium (NBM) containing 0.03% Trypsin (Invitrogen) and incubated for 15 minutes at 37 C and 5% CO 2 . Brain tissue was removed and placed in 4.5 mL NBM containing 10% fetal bovine serum (FBS) and allowed to settle to inactivate the trypsin. The medium was decanted and replaced with NBM supplemented with B-27 vitamin (Invitrogen) and 0.5 mmol/L L-glutamine and cells were dissociated by trituration. This media combination, NBM in the absence of FBS, allows for the selective growth of neurons and not glia (astrocytes or microglia). 15, [24] [25] [26] Cells were plated at 4 Â 10 4 cells/mL density on poly-L-lysine (1 mg/mL; Sigma-Aldrich, St Louis, Missouri)-coated glass coverslips, using 6-and 12-well culture plates. Groups were plated to equal density for each experiment. For each experiment, 4 fetal brains from 1 dam constituted 1 culture. A total of 6 dams (n ¼ 6) from the LPS group and 9 dams (n ¼ 9) from the control group were utilized for the analysis and the comparison of the dendritic counts. All experiments were performed in triplicate to assure the consistency of the results.
Immunocytochemistry
Cortical cell cultures were fixed and stained at days in vitro (DIV) 3, 10, and 14 to assess morphologic changes between the treatment groups, using double immunofluorescence as previously reported. 15, 16 A mouse monoclonal antibody to MAP2 (Sigma-Aldrich) was used to identify dendrites and cell bodies at a dilution of 1:100. A rabbit polyclonal antibody to 200 kDa Neurofilament protein (NF-200, Sigma-Aldrich) was used to label the entire cell at a dilution of 1:400. Alexa Fluor goat anti-mouse 488 (Invitrogen) and Alexa Fluor goat antirabbit 568 (Invitrogen) were used for immunofluorescence at 1:500 dilution. Confocal microscopy (Leica SP2 Confocal) was utilized for the morphological evaluation of the neurons.
Quantitative Analysis of Dendritic Processes From Cortical Culture Experiments
Dendrite processes were analyzed at DIV 3, using previously described techniques. 15, [24] [25] [26] Briefly, the cells were selected at random using at least 3 coverslips for each condition. In all, 1 coverslip represented 4 fetal brains from 1 dam and 3 different dams were used for each condition in order to quantify the processes emanating from each cell body. Neurons from each treatment group were evaluated at a final image magnification of Â400. Individual neurons were selected at random if they were clearly defined and not overlapping with other neurons. Approximately, 10 neurons were evaluated from each coverslip. Each coverslip represented 1 dam (with pooled cultures from 4 fetal brains from that same dam). This experiment was repeated 3 times. Fluorescent images were recorded and analyzed using a Dell Latitude D620, using an image processing program (Image J 1.37v).
Quantification of Neuronal Viability
The comparison of cell viability between the treatment groups was done at DIV 3 and 14 of fetal cortical neurons, using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) Mitochondrial Activity Assay (Sigma-Aldrich) to measure the mitochondrial activity. Cell viability on DIV 3 reflects neurotoxicity associated with an acute insult, while DIV 14 viability indicates the degree of delayed neurotoxicity from an in vivo exposure to LPS administration. Briefly, reconstituted MTT solution was added in the amount of 10% of the total volume per well. Plates were incubated at 37 C for 2 hours. Following the incubation period, 1 mL MTT solubilization solution was added to each well and the tissue culture plates were placed on shaker for 10 minutes; the remaining precipitate was solubilized by trituration. The absorbance of the samples was assessed at 2 different wavelengths (570 and 690 nm). The difference between the measurements was calculated to obtain normalized absorbance (viability of cells). Each well represented a primary neuronal culture. For each dam, 12 replicates of primary cortical culture were used. A total of 6 dams were utilized per each treatment group and time point.
Statistical Analysis
The data were tested for normality. For normally distributed data, a t test was used to compare the values between the treatment groups. For data which were not normally distributed, Wilcoxon-Mann-Whitney test was utilized. Specifically, for the QPCR, ELISA analysis, and the MTT assay a t test was used. For the comparison of dendritic counts, the analysis was performed with Wilcoxon-Mann-Whitney test.
Results
Term Intrauterine Inflammation Increases Proinflammatory Cytokine mRNA Expression in Whole Fetal Brain
We sought to investigate whether the intrauterine inflammation at term elicited a proinflammatory cytokine response. In whole fetal brains, at E18.5, mRNA expression of IL-1b and IL-6 were significantly increased between the treatment groups (12.4-fold increase IL-1b in LPS exposed; P ¼ .017, t test; 3.2-fold increase in IL-6; P ¼ .04, t test; Figure 1 ). The cytokines, IL-10, and TNF-a, were not differentially expressed between groups (P > .05, t test for both; Figure 1 ).
IL-6 Protein Levels are Increased in Whole Fetal Brains 6 Hours After Exposure to Intrauterine Inflammation
Message RNA levels were found to be increased for the IL-1b and IL-6. Therefore, protein levels of these cytokines at the same time point were assessed. While there was an increase in IL-1b in the LPS-exposed fetal brains (Figure 2A ), this did not reach statistical significance (1.9-fold increase; P > .05; t test). IL-6 protein levels in the LPS-exposed fetal brains were statistically significantly increased as compared to NS-exposed fetal brains (2.6-fold increase; P < .05, t test; Figure 2B ). Figure 1 . Quantitative polymerase chain reaction evaluation of cytokine release in whole fetal brains in response to intrauterine inflammation at E18.5. Bar graphs represent means and standard errors (P < .05, t test; n ¼ 6-9 animals per treatment group). In whole fetal brains, at E18.5, mRNA expression of IL-1b and IL-6 were significantly increased between the treatment groups (12.4-fold increase IL-1b in LPS-exposed; P ¼ .017, t test; 3.2-fold increase in IL-6; P ¼ .04, t test). IL-10 and TNF-a were not differentially expressed between groups (P > .05, t test for both). *P < .05.
Term Intrauterine Inflammation Decreases Astrocyte and Neuronal Marker mRNA Expression
Glial fibrillary acidic protein, an astrocytic marker and a marker for astrogliosis, and MAP-2, a neuronal marker, were both decreased in the brains of LPS-exposed fetuses (P ¼ .02, and P ¼ .04, t test, respectively, Figure 2 ). Proteolipid protein/ DM20, pro-oligodendrocyte marker, was not significantly different between the groups (P > .05, t test, Figure 3 ).
Neuronal Morphology Change in Neuronal Culture of LPS-Exposed Cells
Since the mRNA levels of MAP-2, a cytoskeletal neuronal maker, were found to be decreased, we set to investigate the neuronal injury in vitro and to assess the protein levels of MAP-2 by immunohistochemistry. Saline-exposed neurons (control) had numerous dendritic processes and a discrete cytoskeletal morphology at DIV 3 ( Figure 4A and B) . In contrast, the LPS-exposed neurons demonstrated decreased growth and abnormal cytoskeletal morphology ( Figure 4C and D) .
Quantitative Analysis of Dendritic Processes
As a means to quantify the neuronal injury, the number of dendritic processes was recorded from cultured neurons at DIV 3. The use of the number of processes on cultured neurons as an objective method to document neuronal injury is well established in the literature. [25] [26] [27] The fetal neurons exposed to LPS in vivo demonstrated a decreased number of dendritic processes compared to saline-exposed neurons (P < .05, Wilcoxon-Mann-Whitney test; Figure 5 ). The experiment had consistent results across 3 trials.
Exposure to Term Intrauterine Inflammation Decreases Neuronal Viability at DIV 14
Neuronal cell viability in the cortical cultures was assessed at DIV 3 and 14. Statistical analysis demonstrated no significant difference in DIV 3 viability between the treatment groups ( Figure 6A ; P < 0.05, t test). However, there was a difference in cell viability between the treatment groups at DIV 14 ( Figure  6B ; P > .05, t test).
Discussion
The principal finding of our study was that intrauterine inflammation at term results in fetal brain injury as demonstrated by Figure 3 . Quantitative polymerase chain reaction evaluation of markers of fetal brain development in whole fetal brains in response to intrauterine inflammation at E18.5. Bar graphs represent means and standard errors (*P < .05, t test; n ¼ 6-9 animals per treatment group). Glial fibrillary acidic protein, an astrocytic marker and a marker for astrogliosis, and MAP-2, a neuronal marker, were both decreased in the brains of LPS-exposed fetuses (P ¼ .02, and P ¼ .04, t test, respectively). PLP/DM20, pro-oligodendrocyte marker was not significantly different between groups (P > .05, t test). *P < .05. Figure 2 . Enzyme-linked immunosorbent assay evaluation for the IL-1b and IL-6 expression in whole fetal brains at E18.5 of gestation. (A) The results of ELISA for IL-1b and (B) the results for IL-6 proinflammatory cytokines. Bar graphs represent means and standard errors (P > .05, t test for both groups; n ¼ 6 animals per treatment group). There was a 1.9-fold increase in IL-1b protein level in the LPS-exposed fetal brains over the NS-exposed fetal brains; this did not reach statistical significance (P > .05; t test; [A]). IL-6 protein level in the LPS-exposed fetal brains was statistically significantly increased as compared to NS-exposed fetal brains (2.6-fold increase; P < .05, t test; [B]). *P < .05. increase in proinflammatory cytokines in fetal brain and neuronal damage with delayed neurotoxicity. In these studies, intrauterine inflammation did not result in changes associated with WMD such as astrogliosis (increase in GFAP marker) or decrease in pro-oligodendrocyte marker.
Our study underlines the importance of neuronal injury in response to intrauterine inflammation as a unifying mechanism, leading to neurodegenerative and neurobehavioral disorders from prenatal exposure to inflammation. Neuronal injury, in this study, is characterized by an abnormal cytoskeletal formation, based on the decreased MAP2 mRNA levels and protein levels, and a decrease in dendritic arbor. Abnormalities in cytoskeletal structure and neuronal arborization have been shown to impact synaptic connectivity and result in neurodegenerative and neurobehavioral disorders. [28] [29] [30] [31] [32] Specifically, dendritic arborization has been found to play a role in neurobehavioral disorders such as the Rett syndrome and autism. [33] [34] [35] The cumulative evidence suggests that neurodegenerative and neurobehavioral disorders are associated with cytoskeletal alterations in neurons that, in turn, have an altered synaptic connectivity. The response of the fetal brain to intrauterine inflammation may have a similar implication.
In addition to the observed neuronal injury, our results suggest a delayed neurotoxicity as LPS-exposed fetal neurons exhibited delayed changes in neuronal viability. The presence of delayed neurotoxicity indicates that neurons are continuously affected by the in vivo insult and the manifestations of such injury may not be acute. We hypothesize that the neuronal changes and delayed neurotoxicity observed in this model may be mechanistically responsible for neurobehavioral deficits, such as CP, present in offspring exposed to chorioamnionitis at term. As there are no proposed mechanisms of neuronal injury in the setting of chorioamnionitis at term, these data are crucial for directing new research and therapeutic directions for neuroprophylaxis in a setting of chorioamnionitis at term.
While animal models of fetal and neonatal brain injury following an inflammation have inherent limitations, such studies are not possible in humans. Animal models have been designed to elucidate the effect of inflammation on fetal and neonatal brain development. [17] [18] [19] [36] [37] [38] However, these are either systemic models of inflammation with intraperitoneal infusion of LPS 36, 38 or these models concentrate on preterm brain development. 18, 19, 37 Chorioamnionitis represents a local, intrauterine infection and is unique from the clinical scenarios observed with systemic infections, such as pyelonephritis and pneumonia. Therefore, the use of an appropriate model which mimics intrauterine inflammation is of paramount importance in order to investigate the effects of in utero inflammation on the fetal brain. Hence, the utilization of such animal model represents a strength of our study. While neuronal development of rodents is similar to humans, 1 of the possible limitations is that at this gestational age, we could only evaluate prooligodendrocyte markers and not the direct changes in oligodendrocytes since the maturation of the oligodendrocytes in mice is not complete until postnatal day 21.
It is noted that this model is not meant to be a specific model of CP. The model is used to accurately mimic fetal exposure to inflammation as occurs in most human cases of term chorioamnionitis. As such, we can explore the effect of intrauterine inflammation on brain development. Future work will need to determine whether the exposed offspring will have motor deficits that are similar to CP. Recent reports using a rabbit model of intrauterine inflammation provide biological plausibility that inflammatory exposure to a rodent fetus will elicit motor deficits. 39 In this rabbit model, the prenatal administration of endotoxin results in behavioral abnormalities that are similar to movement disorders observed in CP.
White matter damage, including astrogliosis, and the changes in the pro-oligodendrocyte precursors have been studied extensively in other models. [17] [18] [19] 36, 38, 40 However, while WMD may be sufficient for adverse neurobehavioral outcomes, it may not be necessary as CP and other adverse neurobehavioral outcomes are known to occur in the absence of WMD. [41] [42] [43] [44] [45] Our study is the first, to date, demonstrating an Bar graphs represent medians and standard deviations for each group; n ¼ 6-9 animals per treatment group. There were significantly less processes present on LPS-exposed cells at DIV 3 (P < .001, Wilcoxon-Mann-Whitney test). *P < .05. Figure 6 . Neuronal cell viability at DIV 3 and DIV 14. Cell viability was assessed with a mitochondrial activity assay. Bar graphs represent means and standard errors for each group. There was no statistically significant difference between cell viability of the 2 treatment groups at DIV 3 ([A]; P > .05, t test). On the contrary, at DIV 14, there was a statistically significant difference between the treatment groups, with less neuronal viability in the LPS-exposed group ([B]; P < .05, t test). A.U. indicates absorbance units. *P < .05. effect of intrauterine inflammation at term on neuronal morphology and viability without an overt changes in glial markers (GFAP and PLP/DM20) indicating WMD. It is possible that changes in white mater occur later in the pathogenesis of term brain injury and neurons are the primary site of initial injury.
These studies may provide a possible explanation for the observed long-term adverse neurobehavioral outcomes after exposure to inflammation at term. Further investigation of mechanisms involved in neuronal injury and viability is critical in order to recognize the possibilities for novel therapeutic strategies.
Conclusion
Intrauterine inflammation at term results in altered neuronal morphology and delayed neurotoxicity. As there are no proposed mechanisms of neuronal injury in the setting of chorioamnionitis at term, these data are crucial for directing new research directions for the prevention of neuronal injury and adverse neurobehavioral outcomes in full-term gestations.
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